and IL-6) and also tumor necrosis factor (TNF-alpha), as these factors can not only induce premature destruction of erythroid progenitor cells but also a reduction in erythropoietin receptors on the surface of stem cells [7] [8] [9] .
Controversial clinical results of major clinical trials using ESAs
These ideas, which were driven by perception of pathophysiology, were confirmed by initial clinical studies in the first half of the 1990s which recruited patients with severe anemia. Partial correction of anemia had positive effects, for example regarding cognitive functions [10] , a reduction in left ventricular hypertrophy (LVH) [11] , an increase in physical capacity including augmented oxygen uptake [12] and reduction in hospital admissions [13] . The CanEPO-Study represented a landmark [14] , in which patients were randomized into three groups, including either placebo or erythropoietin targeting a hemoglobin (Hb)-concentration of 9.5-11.0 g/dL (i.e., partial correction) or 11.5-13.0 g/dL (full correction); mean Hb-levels of 7.4 g/dL (n = 40), 10.2 g/dL (n = 40) respectively 11.7 g/dL (n = 38) were achieved. The majority of improvement in anemic symptoms was noted in the group with Hb-values approximating 10.2 g/dL with no significant further improvement at 11.7 g/dL. Eleven of 78 patients treated with erythropoietin had their sites of access clotted compared with only one of 40 patients given placebo. However, the study was principally underpowered to sufficiently evaluate cerebral insults and mortality, and these events were not reported.
Two decades later, Parfrey et al [15] published a metaanalysis confirming that increasing Hb levels from less than 10 g/dL to 10-12 g/dL in chronic kidney disease (CKD) patients induced significantly pronounced regression of LVH (Fig. 1A) . Regression of LVH started within the first 6 months of treatment [16] . However, augmenting Hb levels from between 10 and 12 g/dL to higher than 12 g/dL did not induce significant further regression of LVH (Fig. 1B) .
Additionally, Parfrey et al [17] in 2005 with 596 randomized hemodialysis patients, CHOIR in 2006 with 1,433 [18] and CREATE with 600 randomized participants with CKD stage 3 and 4 [19] could also not show any convincing advantages attempting to normalize Hb levels (i.e., 13.3 g/dL) vs. partial anemia correction (i.e., 10.9 g/dL). However, a slight increase in cerebral insults [17] and in cardiovascular mortality [18] was detected.
In 2009, results of the largest ESA study were published (TREAT) [20] . TREAT comprised more than 4,000 diabetics with CKD stage 3 and 4 randomly assigning 2,012 patients to darbepoetin alfa to achieve a Hb level of approximately 13 g/dL and 2,026 patients to placebo, with rescue darbepoetin alfa when the Hb level was less than 9.0 g/dL. The study effectively compared a group achieving an Hb-level of approximately 12.5 g/dL with a group www.krcp-ksn.org achieving approximately 11 g/dL. A cerebrovascular insult occurred in 101 patients with high Hb in the verum group vs. 53 patients on placebo, equating to 5.0% respectively 2.6% (P < 0.001).
Interestingly, a recent evaluation of 24,957 hemodialysis patients treated in the United States (US) Dialysis Clinic Inc. facilities between 2011 and 2014 revealed that although the percentage of patients receiving their ESA subcutaneously had increased from 41% to 69% no difference in dosage was detected between the subcutaneous and intravenous application routes. Furthermore, increased ESA doses were associated with an increase in hospital admissions and mortality, however, there was also no difference between subcutaneous and intravenous routes of administration [21] . Thus, the previously postulated impact of EPO peak serum levels as a pathophysiological detrimental mechanism of cardiovascular damage is somewhat questioned.
The results of these three studies performed on patients with CKD 3 and 4 were comparable to the findings of Besarab et al [22] in the NHCT-study on 1,233 randomized hemodialysis patients showing increased rates of vessel complications and a questionable improvement in quality of life targeting complete anemia correction [23] . As a consequence of the combined results, a long-term debate ensued regarding the impact of ESA-hyporesponse and of comorbities.
The potential of treatment with EPO to reduce progression of CKD has been researched intensely. Indeed, some preclinical data suggested that ESAs might be renoprotective via the EPO-receptor in non-hematopoietic renal tissue resulting in antiapoptotic effects [24] [25] [26] . In 2011, the PRIMAVERA study was initiated to examine the renoprotective effect of continuous erythropoiesis receptor activator (CERA) in clinical practice [27] . However, although the concept appears appealing, as yet, a recent meta-analysis of pertinent studies utilizing conventional ESAs has not shown any significant decrease in CKD progression [28] .
Practice patterns of anemia treatment with ESAs
Information derived from the US Renal Data System (USRDS) [29] and from the German Quality in Nephrology (QIN) data base show that recommendations of reduced Hg targets [30] [31] [32] have led to a reduction in the average Hb levels in standard everyday clinical hemodialysis practice. In the US, Hb fell markedly from 12 g/dL in 2007 to circa 10.5 g/dL in 2015. The German QIN group comprises approximately 200 KfH non-profit dialysis centers catering for circa 17,000 patients equating to 1/3 of German dialysis population. Results from QIN show a decrease from ca. 11.6 g/dL in 2007 to approximately 11.2 g/dL in 2015 in hemodialysis patients as compared to a fall from 11.9 g/dL to 11.3 g/dL in peritoneal dialysis patients during the same time period (Fig. 2) . prevalent (Korean end-stage renal disease [ESRD] registry data). However, they do demonstrate a plateau at approximately 10.5 g/dL and do not show a further increase during the recent decade. These results are mostly related to the reimbursement system of the Korean government.
An American analysis has shown that uninterrupted prescription of ESAs in CKD stage 3-5 non dialysis during the years 2011 until 2013 has decreased from 9.7% to 3.4% [33] . Accordingly, the percentage of patients not treated with ESAs has increased from 70.6% to 87.3%.
Consistently, a retrospective analysis of Hb-courses and of clinical cerebro-cardiovascular events registered in the US Medicare Program has estimated that the reduction in mean Hb from approximately 11.9 to 10.6 g/dL during the years 2005 to 2012 has led to a slight reduction in cardiovascular events [34] . However, this development has been accompanied by an increase in blood transfusions. Data from the USRDS, which includes information on prevalent dialysis patients covered by Medicare Program, show a 24% increase from 2.4% in September 2010 to 3.0% in September 2011 in the proportion of transfusion claims [35] . Transfusions are especially problematic in kidney transplant candidates due to the potential of inducing antibodies [36] . However, the Dialysis Outcomes and Practice Patterns Study (DOPPS) data extending to 2014 appear to demonstrate a plateau in the transfusion rates (Fig. 4) .
Emerging ESAs
As an alternative to darbepoetin alfa and pegylated epoetin beta, polysialic acid (PSA) derived from Escherichia coli has been bonded to epoetin alfa allowing once monthly administration. Several smaller studies have been completed without any indication of unexpected adverse effects [37] . PSA-epoetin alfa is presently being studied clinically in India and Russia.
Another option is being followed by Genexine (Seongnam, Korea), by fusing epoetin to hybrid human crystallisable fragment (Fc) molecules, thus, increasing stability and plasma half-life [38] .
EPO mimetic peptides are synthetic polypeptides comprising approximately 20 amino acids showing no resemblance in their sequences to EPO or conventional ESAs. However, they act via the EPO receptor. The first of these products, peginesatide, had passed the clinical trials proving non-inferiority to darbepoetin alfa. However, following licensing and mass distribution in the US, peginesatide was withdrawn after 0.02% of patients died of hypersensitivity reactions on the first intravenous administration [39] .
An alternative approach is being examined by genetically linking erythropoietin mimetic peptides (EMP) to an immunoglobulin G (IgG)-based scaffold, resulting in a fusion protein. Two such formulations are CNTO 528 and CNTO 530, both containing two EMP molecules. Thus far, only animal experiments have been reported [40] .
Since the turn of the millennium, research has identified additional pathways and mechanisms to modulate and enhance erythropoiesis.
In advanced renal failure, particularly in patients with ESRD, proteins are increasingly carbamylated because of reacting with cyanate. Carbamylation results in transformation of all lysines in the EPO molecule into homocitrulline. Of special interest is that carbamylated EPO (CEPO) can convey tissue protective effects, e.g. neuroprotection against ischemia and amelioration of acute renal failure, whilst being devoid of erythropoietic properties, thus, offering a potential therapeutic option independent of Hb augmentation [41] .
Activin traps
Activins are dimers of beta-type chains and belong to www.krcp-ksn.org the transforming growth factor beta (TGF-β) superfamily. Several members of the TGF-β family, e.g. acitivin, bone morphogenic protein (BMP) amongst other proteins, also contribute to erythropoiesis, sotatercept (ACE-011 developed by the company Acceleron in co-operation with Celgene) is a so-called fusion protein, comprised of an extracellular chain of the activin receptor IIA and the Fc domain of human IgG1. Sotatercept binds circulating activin and related proteins, e.g. BMP 10 and BMP 11, thus, inhibiting activation of the endogenic, membranous receptors (ActRIIA) of activin [42, 43] . Activin is a protein complex which stimulates biosynthesis and secretion of follicle stimulating hormone (FSH) and, furthermore, multiple other functions inducing cell proliferation, apoptosis [44] , wound healing [45] and bone metabolism. Physiologically, activin is secreted primarily in the embryonal phase with no noteworthy production in healthy later life. However, activin production is reinstated in peritubular myofibroblasts in states of kidney failure, thus, in turn, suppressing for example tubular Klothoexpression [46] .
A double blind, randomized escalation study of 48 women showed a reversal of bone loss and a reduction in the extent of osteoporosis [47] . Additionally, an increase in Hb was noticed. The exact mechanism is still being analyzed, however, sotatercept has an effect on cellular and soluble factors in the bone marrow, e.g. the expression of angiotensin II which can stimulate erythropoiesis directly and indirectly via EPO production [48] . Sotatercept induces increased liberation of the mature erythrocyte forms. Additionally, sotatercept reduces the expression of the vascular endothelial growth factor (VEGF), which is regarded as an inhibitor of erythropoiesis and an agonist of carcinogenesis. Furthermore, sotatercept can inhibit hepcidin transcription in the liver [49] .
Preliminary studies with sotatercept in dialysis patients have been completed showing a dose dependent increase in Hb and a reduction in extraosseous calcification [50] . Presently, the predialysis phase is at the center of interest. Other research groups have reported reduced cyst growth via activin-inhibition in polycystic kidney degeneration [51] . Recently, studies have started with luspatercept, which represents an ActRIIB fusion protein and is a parallel TNF-β ligand trap binding TGF-β proteins [52] . It also augments erythropoiesis in combination with EPO.
Hypoxia-inducible factor prolyl hydroxylase inhibitors
In contrast to ESAs which increase EPO levels via exogenic administration, hypoxia inducible transcription factors (HIF) can stimulate endogenic EPO production [53] . There are 3 isoforms of the α-subunit, i.e. HIF-1α, HIF-2α and HIF-3α, of which HIF-2α is the main subunit involved in upregulation of EPO gene expression. HIF-2α is expressed in the peritubular fibroblasts [54] . HIF-1α is expressed in nearly all cells and plays a critical role in the cell-cycle of hematopoietic stem cells [55] , contrasting with HIF-2α which shows a more limited distribution. EPO expression is reduced in normoxia as specific dioxygenases support hydroxylation and, therefore, inactivation of α-subunits of HIF-2 (Fig. 5) .
However, the signal cascade is not attenuated in hypoxia resulting in an increase in EPO gene expression and as a consequence also in EPO production [56] . In the absence of renal HIF-2, hepatic HIF-2 becomes the major EPO stimulator [57] . The HIF-prolyl-hydroxylase inhibitors (e.g. [molidustat], FG 4592 [roxadustat]) exert their effects via the molecular oxygen sensing mechanisms and influence several systems [58] . EPO production induced by HIF leads to the production of erythroferrone by erythroblasts, which in turn down regulates gene expression of liver hepcidin [59, 60] . The most significant differences in the mechanism of action are demonstrated in Fig. 6 . Table 1 lists the potential advantages and disadvantages of HIF inhibitors. Other aspects of HF inhibition in comparison to conventional ESA therapy, e.g. reduced peak EPO concentrations on HIF inhibitors, are not listed, as they have not yet been proven to be of practical relevance.
Remarkably, effectiveness is apparently independent of inflammation state, as measured by hepcidin and C reactive protein, and also independent of the initial ESA dosage [61] . Additionally to increasing Hb, HIF-prolyl-hydroxylase inhibitors suppress hepcidin [62, 63] , whereas this can also be achieved, at least in part, by conventional ESAs [64] . In principle, it has yet to be shown whether the reduction in hepcidin is actually a direct effect of HIF inhibitors or mediated indirectly by augmentation of Hb levels.
Remarkably, several research groups have reported no significant increase in EPO levels on HIF inhibitors during a 24 week observational period [65, 66] . Thus, the pleiotropic mechanisms of this class of substance gain importance. Practical advantages possibly result from oral efficacy of the HIF inhibitors, and from an unspecific protective effect, e.g. against phosphate induced vessel calcification [67] . Significant reductions in cholesterol have been reported [68, 69] . Present data suggest a significant improvement in quality of life in patients with CKD [70] . Additionally, protective effects have been described in transient ischemic cerebral insults [71] . Therefore, it appears possible that the pleiotropic mechanisms mayfor the first time in anemia treatment-result in an unequivocal reduction in mortality. Large international studies are starting to examine longer term effects on CKD patients [72, 73] .
However, HIFs also activate, additionally to EPO, more than 300 genes, which can also cause substantial side effects. Furthermore, expression of HIF is not restricted to cells that secrete erythropoietin, moreover, it participates in regulation of several hundred genes in all mammalian cell types within a wide range of adaptive responses to oxygenation status [74] , including glycolytic enzymes and VEGF which are relevant in all aspects of neoangiogenesis [75] . In this respect, potential promotion of malignancy must be addressed, especially as transcription of the VEGF gene is regulated by HIF-1α and HIF-2α binding to hypoxia response elements [76, 77] . Demonstrating the subtle but significant properties of these substances, several chemical inhibitors of HIFs, specifically inhibiting www.krcp-ksn.org HIF-1α, are being examined as anti-carcinogenic compounds [78, 79] . A further aspect of chronic HIF prolyl hydroxylase inhibitors pertains to the potential of inducing pulmonary hypertension. However, this condition typically develops in patients with genetically inherent HIF-2α mutations [80] and has not yet been described in the CKD population on these new compounds [81] .
EPO gene therapy
A focus of research lied in gene technology to substitute EPO deficiency. In 2002, Binley et al [82] achieved sustained extra renal and extra hepatic EPO production by injecting the DNA sequence for EPO into mouse muscles. Also, other working groups have delivered interesting results, e.g. with viral transmission of genetic information into fat cells [83] or stem cells [84] . Others researched the possibility of introducing p-DNA (plasmid-DNA) without a viral vector into muscle cells [85] requiring special precautionary measures regarding the security of transmitted DNA and the controllability of Hb levels. However, as a consequence of guidelines generally recommending lower and narrower Hb targets, these techniques including reimplantation of virus-vector-treated autologous subcutaneous tissue for continuous EPO-production (EPODURE-Biopump, later named Transducer Autologous Regenerative Gene Therapy TARGT, Medgenics) [86] have, at least temporarily, lost their appeal in broader application. Usage in ESA-hyporesponse remains to be defined. The TARGTEPO Treatment for Anemia in Peritoneal Dialysis US Trial was terminated in June 2017 having recruited only one patient [87] . Presently, we are awaiting results from the TARGTEPO Treatment for Anemia in CKD and ESRD study which was completed in April 2017 [88] .
Hepcidin modulation
Hepcidin regulates the flux of iron into plasma by regulating ferroportin expression on the surface of cells, e.g. on the basolateral membrane of duodenal enterocytes and the surface of hepatocytes and macrophages. Surface expression of ferroportin is essential for iron to enter the systemic circulation. Hepcidin binds to ferroportin, which results in internalization and degradation of the complex, effectively reducing iron release from macrophages and preventing duodenal iron absorption. High hepcidin levels occur when iron stores are replete or there is significant inflammation (Fig. 7) [89] . Hepcidin levels increase progressively with severity of CKD, with predialysis CKD patients having a two-to four-fold elevation, and dialysis patients with a six-to nine-fold increase of hepcidin [90] . As hepcidin plays a key role in regulating iron transport and availability, it has generated considerable interest aiming at developing specific drugs which can readjust and correct the disturbed iron metabolism in states of chronic inflammation, as e.g. in CKD [91, 92] . Inhibition of the BMP6, SMAD, HJV and IL-6/STAT cascades is being investigated, albeit at an early stage. Regarding the effects of EPO and HIF inhibitors on hepcidin please refer to the sections above.
Presently, lexaptepid pegol (NOX-H94; anti-hepcidin; Spiegelmer ® ), which is a pegylated L-stereoisomer RNA aptamer and binds human hepcidin avidly and offers bio-stability as it is resistant to nucleases, appears promising as an hepcidin modulator. In early stage human experiments, lexaptepid has been shown to neutralize human hepcidin, thus, inducing higher serum iron concentrations [93] . Recently, lexaptepid pegol was tested in ESA-hyporesponsive dialysis patients, demonstrating an increase in serum iron and transferrin saturation [94] .
Iron supplementation
Conventional oral iron compounds are generally poorly tolerated and of low efficacy in CKD [95] . Historically, oral supplementation with ferrous salts in the absence of food failed to meet the erythropoietic demands of absolute and functional iron deficiencies in patients with ESRD, largely because of gastrointestinal intolerance that limited dosing to approximately 200 mg elemental iron per day [96] . In this respect, ferric citrate may offer a new option to replenish depleted iron stores [97] . Studies addressing the potential of ferric citrate to primarily bind phosphate in the gut and, thus, lower phosphate burden have employed approximately 5 g ferric citrate per day (5 pills per day) [98] . In these studies, ferric citrate caplets were supplied as 1-g ferric citrate caplets containing 210 mg of ferric iron. Thus, the total elemental iron dosage was approximately 1,050 mg up to 2,520 mg daily, which is significantly higher than the elemental iron dosages utilized in every day clinical practice. Additionally, increased iron absorption has been attributed to an effect of citrate on gut endothelial gut cell tight junctions [99] . Ferric citrate contrasts strongly with sucroferric oxyhydroxide which releases significantly smaller amounts of iron whilst facilitating sustained phosphate binding [100] .
This inefficiency of oral iron supplementation has led to the widespread use of intravenous (iv) iron in patients on dialysis, with the Dialysis Outcomes and Practice Patterns Study Practice Monitor reporting approximately 74% of patients on dialysis receiving iv iron in February 2017 [101] . Elemental iron is highly toxic, if released directly into the blood stream. The rate of release of bioactive iron is inversely related to the strengths of the complex, i.e. the stronger the complex, the slower the release of the iron [102] . Thus, great efforts have been undertaken to develop a molecular shell enabling managed release of the elemental iron core, and facilitating administration of higher dosages, e.g. 1 g in one session. Iron gluconate is restricted to 125 mg administered carefully over a longer period of time, e.g. 12.5 mg/minute [103] to avoid anaphylactoid reactions. High weight dextran preparations have been largely abandoned due to the increased propensity to induce potentially life threatening anaphylactic reactions [104] . More recently, several iron intravenous compounds have been developed and are widely available enabling administration of significantly higher doses at comparatively accelerated rates with very low rates of intolerability and hypersensitivity, e.g. ferric carboxymaltose and iron isomaltoside [105] [106] [107] . These results are supported, for example, by a study utilizing an ex-vivo model using the whole blood of healthy volunteers and hemodialysis patients in which ferric carboxymaltose and iron isomaltoside caused less complement activation than iron dextran or iron sucrose [108] .
Soluble ferric pyrophosphate (Triferic ® ) received US Food and Drug Administration approval in 2015 allowing administration via the liquid bicarbonate dialysate replenishing iron losses during dialysis. Ferric pyrophosphate citrate crosses the dialyzer membrane, enters the blood, donates its iron directly to transferrin, and is rapidly cleared from circulation. This provides for optimal iron utilization for erythropoiesis and avoids iron sequestration within reticuloendothelial macrophages [109] . No significant intolerance has been detected in several studies, thus, enabling reduction in additional iron supplementation in dialysis patients [110, 111] . Present research is attempting to evaluate the impact and safety of intravenous ferric pyrophosphate infusions administered independently of dialysis [112] .
Improvement in dialysis tubing system
Hemodialysis patients suffer blood loss in the dialysis tubing, partially due to blood-air-contact. A new blood www.krcp-ksn.org tubing system (Oxyless) reduces blood-air-contact by 99.1%. A study with 142 patients randomized into 2 treatment arms over 14 months, showed a reduction in ESA requirements by 34% (P < 0.01) at month 8 and by 53% (P < 0.05) at month 14 whilst Hb levels remained stable at 11.5 g/dL. Furthermore, iron requirements fell by 12% at month 8 and by 25% (P < 0.05) at month 14 as compared to baseline (Fig. 8) [113] .
Conclusions
Regardless of interpretation as a subjective physical restriction or an objective marker, anemia is a significant, prognostic parameter in the development of CKD [114] . ESA studies have shown that augmentation of Hb to 10 to 11 g/dL is associated with clinical advantages. However, it has not been proven that intensified Hb > 11 g/dL utilizing exogenic EPO actually translates into a comprehensive benefit for the patient [115] .
New developments promise interesting therapeutic options not only by stimulating erythropoiesis, but also by modulating additional mechanisms. Activin-inhibition offers the potential not only to correct anemia but also to improve mineral and bone disease in CKD (CKD-MBD). HIF prolyl hydroxylase inhibitors have inherent pleiotropic effects which are at the focus of present research. Hepcidin modulation conveys the option to liberate iron metabolism. However, conventional ESAs offer a comprehensive safety profile which should be the future comparison standard for the newer substance classes.
Development of a blood tubing system for hemodialysis represents a completely different method. This improvement in renal anemia is not achieved by stimulating erythropoiesis but by innocent reduction of mechanical hemolysis during dialysis.
We may be standing on the verge of total re-evaluation of renal anemia therapy.
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